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6KDSH2SWLPL]DWLRQRI&ROG)RUPHG6WHHO%HDP&ROXPQVZLWK
3UDFWLFDODQG0DQXIDFWXULQJ&RQVWUDLQWV
+RVVHLQ3DUDVWHVKD,PDQ+DMLUDVRXOLKDE+DPHG7DMLD$OLUH]D%DJKHUL6DEEDJKF
D&LYLO(QJLQHHULQJ'HSDUWPHQW8QLYHUVLW\RI6FLHQFHDQG&XOWXUH7HKUDQ,UDQ
E'HSDUWPHQWRI&LYLODQG6WUXFWXUDO(QJLQHHULQJ8QLYHUVLW\RI6KHIILHOG8.
F6FKRRORI(QJLQHHULQJ8QLYHUVLW\RI$EHUGHHQ8.

$EVWUDFW
7KLV VWXG\ DLPV WR SUHVHQW D SUDFWLFDO PHWKRG IRU RSWLPL]DWLRQ RI V\PPHWULF FROGIRUPHG VWHHO
&)6 EHDPFROXPQ PHPEHUV XVLQJ *HQHWLF $OJRULWKP *$ 7R HOLPLQDWH LPSUDFWLFDO FURVV
VHFWLRQVKDSHVIURPWKHRSWLPL]DWLRQUHVXOWVDUDQJHRIPDQXIDFWXULQJDQGFRQVWUXFWLRQFRQVWUDLQWV
DUHLQFRUSRUDWHGLQWRWKHRSWLPL]DWLRQSURFHVV$[LDOIRUFHVDUHDSSOLHGZLWKGLIIHUHQWHFFHQWULFLWLHV
 WRPP WRFRYHU WKH IXOO VSHFWUXPRIEHDPFROXPQDFWLRQV IURPSXUHD[LDOFRPSUHVVLRQ WR
SXUHEHQGLQJ7KHHIIHFWRIHOHPHQWOHQJWKRQWKHRSWLPL]DWLRQUHVXOWVLVLQYHVWLJDWHGE\XVLQJVKRUW
LQWHUPHGLDWH DQG ORQJ EHDPFROXPQ PHPEHUV $ WRWDO RI  EHDPFROXPQV ZLWK GLIIHUHQW FURVV
VHFWLRQVKDSHFRPSOH[LW\WRUROOHUVQRGHVDQGWROLSVDUHRSWLPL]HG7KHFRPSUHVVLRQDQG
EHQGLQJ PRPHQW VWUHQJWKV DUH REWDLQHG EDVHG RQ GLUHFW VWUHQJWK PHWKRG '60 XVLQJ &8)60
VRIWZDUH E\ DFFRXQWLQJ IRU ORFDO GLVWRUWLRQDO DQG JOREDO EXFNOLQJ PRGHV 7KH UHVXOWV VKRZ WKDW
XVLQJ PRUH FRPSOH[ VKDSHV GRHV QRW QHFHVVDULO\ OHDG WR EHWWHU GHVLJQ VROXWLRQV ,QFUHDVLQJ WKH
HFFHQWULFLW\ JHQHUDOO\ OHDGV WR PRUH VSUHDG RSWLPXP VHFWLRQV SDUWLFXODUO\ ZKHQ GLVWRUWLRQDO
EXFNOLQJLVWKHSUHGRPLQDQWPRGHLQVKRUWDQGLQWHUPHGLDWHOHQJWKEHDPFROXPQV,QFDVHVZKHUH
ORFDODQGJOREDOEXFNOLQJPRGHVJRYHUQWKHGHVLJQKRZHYHUOHVVVSUHDGVHFWLRQVZLWKKLJKHUWXUQ
DQJOHVJHQHUDOO\SURYLGHKLJKHUVWUHQJWKFDSDFLWLHV:LWKWKHYDULDWLRQRIHFFHQWULFLW\WKHXOWLPDWH
VWUHQJWK RI RSWLPXP EHDPFROXPQ VHFWLRQV QRUPDOLVHG E\ WKH VWUHQJWK RI D UHIHUHQFH OLSSHG
FKDQQHO DUH LQ WKH UDQJH RI   DQG  IRU VKRUW PHGLXP DQG ORQJ
PHPEHUV UHVSHFWLYHO\ 7KH UHVXOWV RI WKLV VWXG\ VKRXOG SURYHXVHIXO LQ PRUH HIILFLHQW GHVLJQ RI
&)6EHDPFROXPQHOHPHQWVLQSUDFWLFH

.H\ZRUGV&ROGIRUPHGVWHHO6KDSHRSWLPL]DWLRQ*HQHWLF$OJRULWKP%HDPFROXPQV%XFNOLQJ
PRGHV

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
,QWURGXFWLRQ
/LJKW VWHHO IUDPHV /6) PDGH RI FROGIRUPHG VWHHO &)6 VHFWLRQV DUH JURZLQJ SRSXODULW\ LQ
FRQVWUXFWLRQLQGXVWU\WRSURYLGHFRVWHIIHFWLYHDQGVXVWDLQDEOHEXLOGLQJVGXHWRWKHDGYDQWDJHVVXFK
DV HDVH RI RIIVLWH PDQXIDFWXULQJ DQG IDVWHU FRQVWUXFWLRQ OLJKW ZHLJKW DQG KLJK IOH[LELOLW\ LQ
REWDLQLQJYDULRXVFURVVVHFWLRQDOVKDSHVDQGKLJKO\DGDSWDEOHPDQXIDFWXULQJSURFHVV>@$UDQJH
RI&)6FURVVVHFWLRQVKDSHVFDQEHPDQXIDFWXUHGIURPVLPSOH&FKDQQHOVHFWLRQVWRPRUHFRPSOH[
VKDSHVZLWKPXOWLSOHVHJPHQWVVWLIIHQHUVDQGOLSV>@7KHXVHRIPRUHFRPSOH[&)6VHFWLRQVDLPV
WR DFKLHYH LQFUHDVHG ORFDO EXFNOLQJ UHVLVWDQFH DQG LPSURYHG ORDGGHIRUPDWLRQ FKDUDFWHULVWLFV RI
&)6 HOHPHQWV 7KLV PRWLYDWHV UHVHDUFK RQ VKDSH RSWLPL]DWLRQ RI &)6 VHFWLRQV IRU GLIIHUHQW
VWUXFWXUDO HOHPHQWV DQG YDULRXV ORDGLQJ FRQGLWLRQV 3UHYLRXV VWXGLHV KDYH GHPRQVWUDWHG WKDW &)6
EHDPDQGFROXPQPHPEHUVDUHPDLQO\DIIHFWHGE\ORFDOJOREDODQGGLVWRUWLRQDOPRGHVRIEXFNOLQJ
DQG WKHUHIRUH WKHLU \LHOGLQJ VWUHQJWK FDQQRW EH JHQHUDOO\ UHDFKHG GXH WR WKH SUHPDWXUH IDLOXUH
PRGHV >@ 7KLV KLJKOLJKWV WKH LPSRUWDQFH RI XVLQJ RSWLPL]DWLRQ WRROV WR LQFUHDVH WKH EXFNOLQJ
UHVLVWDQFHRI&)6HOHPHQWVDQGGHYHORSPRUHHFRQRPLFGHVLJQVROXWLRQVZLWKKLJKHUVWUHQJWKWR
ZHLJKWUDWLRV
/HQJ HW DO >@ LQYHVWLJDWHG WKH DSSOLFDWLRQ RI GLIIHUHQW RSWLPL]DWLRQ WRROV WR PD[LPL]H WKH
FRPSUHVVLYH VWUHQJWK RI &)6 RSHQ FURVVVHFWLRQV 7KH\ GHWHUPLQHG ORFDO GLVWRUWLRQDO DQG JOREDO
EXFNOLQJORDGVXVLQJWKHRSHQVRXUFH&8)60VRIWZDUH>@DQGWKHQDGRSWHGWKH'LUHFW6WUHQJWK
0HWKRG'60>@WRHVWLPDWHWKHQRPLQDOFRPSUHVVLYHVWUHQJWKRIWKH&)6HOHPHQWV2VWZDOGDQG
5RGDN >@ SUHVHQWHG D PHWKRG IRU PXOWLFULWHULD RSWLPL]DWLRQ RI&)6 EHDPV ZLWK RSHQ VHFWLRQV
VXEMHFWHGWRYDULRXVORDGLQJFRQGLWLRQV,QWKHLUZRUNWKHFRQFHSWRI3DUHWRRSWLPDOLW\ZDVXVHGWR
VROYH WKH PXOWLFULWHULD RSWLPL]DWLRQ SUREOHP LQ ZKLFK WKH FURVVVHFWLRQ DUHD DQG GHIOHFWLRQ RI
EHDPVZHUHFRQVLGHUHGDVWKHPDLQREMHFWLYHIXQFWLRQV,QDQRWKHUUHOHYDQWVWXG\0RKDUUDPLHWDO
>@XVHGDFRPELQDWLRQRI*HQHWLF$OJRULWKP*$DQG*UDGLHQW'HVFHQW2SWLPL]DWLRQ*'2WR
LQYHVWLJDWH WKH HIIHFW RI GLIIHUHQW ERXQGDU\ FRQGLWLRQV RQ WKH RSWLPXP GHVLJQ RI &)6 HOHPHQWV
XQGHUD[LDOORDGV7RSURYLGHPRUHSUDFWLFDOGHVLJQVROXWLRQV/HQJHWDO>@DGRSWHGDVLPXODWHG
DQQHDOLQJ 6$ DOJRULWKP WR RSWLPL]H &)6 FROXPQV VXEMHFWHG WR SUHGHILQHG PDQXIDFWXULQJ
FRQVWUDLQWV0DGHULDHWDO >@DOVR LQYHVWLJDWHG WKHRSWLPDO VKDSHRI&)6FROXPQVVLQJDPXOWL
REMHFWLYH RSWLPL]DWLRQ PHWKRG ,Q WKHLU VWXG\ WKH REMHFWLYH IXQFWLRQV ZHUH WKH PD[LPXP ORFDO
JOREDOEXFNOLQJVWUHQJWKDQGWKHPD[LPXPGLVWRUWLRQDOEXFNOLQJVWUHQJWKRIWKHVHFWLRQVFDOFXODWHG
EDVHGRQ'60>@
0DHWDO >@HPSOR\HG*$WRRSWLPL]H WKH VKDSHRI&)6FKDQQHO VHFWLRQV LQFRPSUHVVLRQRU
EHQGLQJ E\ DGGLQJ GRXEOHIROG OLSV LQFOLQHG OLSV DQG WULDQJXODU VWLIIHQHUV EDVHG RQ WKH HIIHFWLYH
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±


ZLGWKPHWKRGLQ(XURFRGH>@7KH\DOVRLQYHVWLJDWHGWKHLQIOXHQFHRIWKHVKLIWRIWKHQHXWUDO
D[LV RQ WKH RSWLPL]DWLRQ UHVXOWV RI WKH &)6 FRPSUHVVLRQ VHFWLRQV ZLWK GLIIHUHQW PHPEHU OHQJWKV
8VLQJ WKHVDPHGHVLJQFRQFHSW<HHWDO >@XWLOL]HG3DUWLFOH6ZDUP2SWLPL]DWLRQ362 WR
RSWLPL]H&)6EHDPHOHPHQWVIRUPD[LPXPEHQGLQJFDSDFLW\7KHUHVXOWVRIWKHLUVWXG\LQGLFDWHG
WKDWRSWLPL]HGIROGHGIODQJHVHFWLRQVFDQSURYLGHXSWRKLJKHUEHQGLQJFDSDFLW\FRPSDUHGWR
VWDQGDUGRSWLPL]HGVKDSHVZLWKWKHVDPHDPRXQWRIVWUXFWXUDOPDWHULDO,QDIROORZXSVWXG\<HHW
DO>@GHYHORSHGRSWLPXP&)6EHDPVHFWLRQVZLWKPD[LPXPHQHUJ\GLVVLSDWLRQFDSDFLW\WKURXJK
D VKDSH RSWLPL]DWLRQ IUDPHZRUN ZKLFK OLQNV WKH 362 DOJRULWKP WR GHWDLOHG ILQLWH HOHPHQW )(
PRGHOV ,W ZDV FRQFOXGHG WKDW FRPSDUHG WR FRPPHUFLDOO\ DYDLODEOH OLSSHG FKDQQHOV RSWLPL]HG
FURVVVHFWLRQDO VKDSHV FDQ GLVVLSDWH XS WR  PRUH HQHUJ\ WKURXJK SODVWLF DQG \LHOGLQJ
GHIRUPDWLRQVDQGWKHUHIRUHSURYLGHEHWWHUGHVLJQVROXWLRQVIRUVHLVPLFDSSOLFDWLRQV
$VGLVFXVVHGDERYHWKHIRFXVRIWKH&)6RSWLPL]DWLRQUHVHDUFKWRGDWHKDVEHHQRQLVRODWHGEHDP
DQGFROXPQPHPEHUVLQZKLFKWKHD[LDOORDGEHQGLQJPRPHQWLQWHUDFWLRQKDVQRWEHHQFRQVLGHUHG
+RZHYHUWKHDSSOLFDWLRQRI&)6DVEHDPFROXPQPHPEHUVIRULQVWDQFHLQ&)6PRPHQWUHVLVWLQJ
IUDPH V\VWHPV >@ UHTXLUHV EHQGLQJFRPSUHVVLRQ LQWHUDFWLRQ HIIHFWV WR EH LQFRUSRUDWHG LQ WKH
GHVLJQ DQG RSWLPL]DWLRQ SURFHVV :KLOH WKH HIIHFW RI EHQGLQJ PRPHQWD[LDO IRUFH LQWHUDFWLRQ RQ
RSWLPDO GHVLJQ RIKRW UROOHG PHPEHUV KDV EHHQ LQYHVWLJDWHG LQ WKH SDVW HJ >@ WKLV FDQ EH D
FKDOOHQJLQJ WDVN IRU &)6 HOHPHQWV GXH WR WKHLU FRPSOH[ EHKDYLRU DIIHFWHG E\ GLIIHUHQW ORFDO DQG
JOREDO EXFNOLQJ PRGHV ,Q WKLV VWXG\ IRU WKH ILUVW WLPH DQ HIILFLHQW RSWLPL]DWLRQ IUDPHZRUN LV
SURSRVHG WR RSWLPL]H &)6 EHDPFROXPQ PHPEHUV E\ WDNLQJ LQWR DFFRXQW WKH D[LDO ORDGEHQGLQJ
PRPHQW LQWHUDFWLRQ HIIHFWV $ *HQHWLF $OJRULWKP *$ LV DGRSWHG WR PD[LPL]H WKH XOWLPDWH
FDSDFLW\ RI VKRUW LQWHUPHGLDWH DQG ORQJ OHQJWK EHDPFROXPQ HOHPHQWV ZKLOH D ZLGH UDQJH RI
SUDFWLFDOHQGXVHDQGPDQXIDFWXULQJFRQVWUDLQWVGHVFULEHGLQ6HFWLRQDUHFRQVLGHUHGWRLPSURYH
WKHIHDVLELOLW\RIWKHRSWLPL]HGVHFWLRQV7RGHILQHWKHREMHFWLYHIXQFWLRQDQHZGHVLJQIRUPXODWLRQ
LVGHYHORSHGEDVHGRQ'60>@WRWDNHLQWRDFFRXQWWKHD[LDOFRPSUHVVLRQIRUFHEHQGLQJPRPHQW
LQWHUDFWLRQV FDOFXODWHG E\ XVLQJ &8)60 VRIWZDUH >@ 7KH SURSRVHG RSWLPL]DWLRQ IUDPHZRUN LV
WKHQXVHGWRRSWLPL]HEHDPFROXPQVWRLQYHVWLJDWHWKHLQIOXHQFHRIGLIIHUHQWGHVLJQSDUDPHWHUV
DQGSURYLGHSUDFWLFDOUHFRPPHQGDWLRQVIRUPRUHHIILFLHQWGHVLJQRI&)6EHDPFROXPQHOHPHQWV
7KH2EMHFWLYH)XQFWLRQ
7KLVVHFWLRQSURYLGHVGHWDLOHGLQIRUPDWLRQDERXWWKHSURSRVHGRSWLPL]DWLRQIUDPHZRUNLQFOXGLQJ
GHVLJQ YDULDEOHV FURVVVHFWLRQ FRPSRQHQWV SUDFWLFDO DQG HQGXVH FRQVWUDLQWV DQG WKH DGRSWHG
VWUHQJWKFDOFXODWLRQPHWKRGDQGILWQHVVIXQFWLRQ

-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK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
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
&URVVVHFWLRQFRPSRQHQWV
)LJLOOXVWUDWHVDW\SLFDOEHDPFROXPQVHFWLRQFRQVLVWLQJRIILQLWHVWULSVZLWKLQWHUVHFWLRQVDWWKH
QRGHVZKLFKUHSUHVHQWWKHORFDWLRQRIWKHUROOHUVXVHGWRIROGWKHFURVVVHFWLRQ7KHFURVVVHFWLRQLV
FRQVLGHUHGWREHRQWKH;<SODQHZLWKWKHRULJLQRIWKHFRRUGLQDWHV\VWHPDWWKHWLSRIWKHILUVWVWULS
$OO&)6EHDPFROXPQFURVVVHFWLRQVDUHDVVXPHGWREHPDQXIDFWXUHGIURPDFRLOVKHHWZLWKDIL[HG
ZLGWK DQG WKLFNQHVV WRXVH WKH VDPHDPRXQW RI VWUXFWXUDOPDWHULDO$V FDQEH VHHQ LQ)LJ  WKH
ZLGWK RI WKH VWULSV /L DQG WKH WXUQDQJOHV LQ WKH FRXQWHUFORFNZLVH GLUHFWLRQ șL FDQ GHILQH WKH
ZKROH JHRPHWU\ RI WKH VHFWLRQ DQG WKHUHIRUH DUH FRQVLGHUHG DV WKHPDLQ GHVLJQ YDULDEOHV LQ WKH
RSWLPL]DWLRQSURFHVV


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
)LJ'HILQLWLRQRIGHVLJQYDULDEOHVLQFRQVWUDLQHGVKDSHRSWLPL]DWLRQ
,Q WKLV VWXG\ WKH QXPEHU RI UROOHUV QUROO LV DVVXPHG DQ HYHQ QXPEHU EHWZHHQ  DQG  $V
PHQWLRQHG EHIRUH WKH QRQ]HUR WXUQDQJOHV UHSUHVHQW WKH ORFDWLRQV RI WKH UROOHUV WR IRUP D
V\PPHWULF VHFWLRQ)RU WKH V\PPHWULF FURVVVHFWLRQV LGHQWLILHGDV DERYH WKHGHVLJQYDULDEOHV DUH
GHILQHGIRUKDOIRIWKHVHFWLRQZLWKWKHD[LVRIV\PPHWU\SRVLWLRQHGDWWKHPLGKHLJKWSDUDOOHOWRWKH
;D[LVVHH)LJ7KHWRWDOZLGWKRIWKHFRLOGLVHTXDOWRWKHVXPRIDOOVWULSV݀ ൌ  ? ܮ௜ଶ௡௜ୀଵ ȋ ?Ȍ
ZKHUHQLVWKHQXPEHURIKDOIFURVVVHFWLRQVWULSVFDOFXODWHGE\
 ? ? ?ȋ ?Ȍ
7KHKDOIFURVVVHFWLRQGHVLJQYDULDEOHVQOQIDQGQZDUHWKHQXPEHURIVWULSVFRUUHVSRQGLQJWRWKH
OLS IODQJH DQG ZHE UHVSHFWLYHO\ 6XEVHTXHQWO\ WKH QXPEHU RI UHTXLUHG UROOHUV QUROO FDQ EH
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±
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
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
QUROO Qȋ ?Ȍ
)RULQVWDQFHEDVHGRQWKHDERYHGHILQLWLRQVWKHGHVLJQYDULDEOHVRIWKHH[DPSOHVHFWLRQVKRZQLQ
)LJDUHQUROO QO QI QZ DQGQ 
7RLGHQWLI\WKHORFDWLRQRIWKHLWKVWULSWKHIROORZLQJODEHOVDUHXWLOL]HGLQWKLVVWXG\
İ
	 ?  ?İİ ?    ȋ ?Ȍ

ZKHUH/)DQG:GHQRWHOLSIODQJHDQGZHEVWULSVUHVSHFWLYHO\DVVKRZQLQ)LJXUH7KHVDPH
QRWDWLRQVKDYHEHHQXVHGE\/HQJHWDO>@IRUVKDSHRSWLPL]DWLRQRI&)6FROXPQV







)LJ,GHQWLILFDWLRQRIOLSIODQJHDQGZHEVWULSV
)LWQHVVIXQFWLRQ
,Q WKLV VWXG\'60>@ LVDGRSWHG WRGHWHUPLQH WKHQRPLQDOFRPSUHVVLRQFDSDFLW\ 3QDQG WKH
EHQGLQJ VWUHQJWK 0Q RI &)6 EHDPFROXPQ HOHPHQWV EDVHG RQ WKH PLQLPXP RI WKHLU ORFDO 3QO
0QOGLVWRUWLRQDO3QG0QGDQGJOREDO3QH0QHEXFNOLQJORDGVDVIROORZV
 ௡ܲ ൌ ൛ ୬ܲ୪ǡ ୬ܲୢǡ ௡ܲୣൟܯ௡ ൌ ൛ܯ୬୪ǡ ܯ୬ୢǡܯ୬ୣൟ      ȋ ?Ȍ
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±


7KHFULWLFDOHODVWLF ORFDOGLVWRUWLRQDODQGJOREDOFRPSUHVVLRQORDGV3FUO3FUG3FUHDQGEHQGLQJ
PRPHQWV 0FUO 0FUG 0FUH DUH FDOFXODWHG E\ XVLQJ &8)60 VRIWZDUH >@ DQG IHG LQWR '60
HTXDWLRQV WR REWDLQ WKH EXFNOLQJ ORDGV LQ (T  7KH FRPSUHVVLRQEHQGLQJ PRPHQW GHVLJQ
LQWHUDFWLRQKDVEHHQDGRSWHGIURP>@DVJLYHQLQWKHHTXDWLRQEHORZDIWHUUHDUUDQJLQJWKHRULJLQDO
HTXDWLRQVHH$SSHQGL[$
ቀିఆ೎మெ౤౮௉ు ቁ Ǥ ܲଶ ൅ ቀߗ௖ܯ୬୶ ൅ ߗୠ ௡ܲܥ୫୶Ǥ ݁ ൅ ௉౤Ǥெ౤౮ఆ೎௉ಶ ቁ ܲ െ ୬ܲǤ ܯ୬୶ ൌ  ?ȋ ?Ȍ
,QWKHDERYHHTXDWLRQHLVWKHHFFHQWULFLW\RIWKHGHVLJQD[LDOORDGZKLFKSURGXFHVWKHUHTXLUHG
EHQGLQJ PRPHQW 0 3H 8VLQJ DQ D[LDO ORDG HFFHQWULFLW\ IDFWRU SURYLGHV D SUDFWLFDO ZD\ WR
SUHVHQW WKH FRGH GHVLJQ HTXDWLRQV IRU RSWLPL]DWLRQ RI EHDPFROXPQ HOHPHQWV ,Q WKLV FDVH WKH
XOWLPDWHFDSDFLW\RIWKHPHPEHU3FDQEHFRQVLGHUHGDVWKHREMHFWLYHIXQFWLRQRIWKHRSWLPL]DWLRQ
SUREOHPDVIROORZV
ሼ݌ሺሻሽ
6XEMHFWHGWRJȋȌİ ? ? ?ǡ ?ǡǥǡȋ ?Ȍ
ZKHUH1LVWKHQXPEHURIGHVLJQFRQVWUDLQWVDVGHILQHGLQWKHIROORZLQJVHFWLRQ
0DQXIDFWXULQJDQG(QG8VH'HVLJQ&RQVWUDLQWV
7RREWDLQRSWLPL]HGEHDPFROXPQHOHPHQWV ZLWK IHDVLEOH DQGSUDFWLFDO FURVVVHFWLRQV YDULRXV
HQGXVHDQGPDQXIDFWXULQJJHRPHWULFDOFRQVWUDLQWVDUHFRQVLGHUHGLQWKLVVWXG\3UDFWLFDOOLPLWDWLRQV
RQURXQGHGFRUQHUWXUQDQJOHVDQGPLQLPXPVWULSZLGWKHJIRUHDVHRIPDQXIDFWXULQJSURFHVVDQG
FRQQHFWLRQ RI WKH HOHPHQWV WR IORRULQJ RU ZDOOLQJ SDQHOV DUH LQFRUSRUDWHG LQ WKH EHDPFROXPQ
RSWLPL]DWLRQSUREOHPDV HQGXVH FRQVWUDLQWV7KH VHFWLRQV DUH DOVRGHVLJQHG WRKDYH V\PPHWULFDO
VKDSHV WKDW FDQ EH XVHG IRU EDFNWREDFN VHFWLRQV KDYH RSHQ VHFWLRQV VXLWDEOH IRU FROGUROOLQJ
PDQXIDFWXULQJSURFHVVDQGVDWLVI\PLQLPXPXWLOLW\SDVVWKURXJKDOORZDQFHDVZLOOEHGLVFXVVHGLQ
PRUHGHWDLOEHORZ
&RQVLGHULQJ WKH D[LV RI V\PPHWU\ SDUDOOHO WR WKH ;D[LV VHH )LJ  DQG DVVXPLQJ Q DV WKH
QXPEHURIVWULSVLQKDOIRIWKHVHFWLRQWKHV\PPHWU\FRQVWUDLQWHTXDWLRQLVJLYHQE\>@ߠଶ୬ି୧ା ൌ ൅ߠ௜ାଵ݅ ൌ  ?ǡ ?ǡ ǥ ǡ௡౨౥ౢౢଶ    ȋ ?Ȍ
7KHXWLOLW\SDVVWKURXJKFRQVWUDLQWDOORZVWKHEXLOGLQJXWLOLWLHVWREHSRVLWLRQHGLQVLGHWKHURRILQJ
V\VWHPWKURXJKWKH&)6ZHEV7RSURYLGHWKLVDPLQLPXPRSHQLQJGLVWDQFH݀௖LQ)LJRI
PPKDVEHHQFRQVLGHUHGDVVXJJHVWHGE\/HQJHWDO>@
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±


,QDGGLWLRQWRIDFLOLWDWHSHUIRUDWLRQDQGLQVWDOODWLRQRIWKHXWLOLWLHVWKHWZRPLGGOHZHEVWULSVDUH
FRQVLGHUHGWREHSHUSHQGLFXODUWRWKHIODQJHVLH;D[LVLQ)LJWRIRUPDIODWZHE$VDUHVXOW
WKHWXUQDQJOHDWWKHPLGSRLQWLVDOZD\V]HURZKLOHWKHQXPEHURIUROOHUVRUEHQGLQJSRLQWVVKRXOG
EH HYHQ&RQVLGHULQJ WKH JHRPHWU\ RI WKH VHFWLRQVߠ௡ DQG ߠ௡ାଵ FDQEH HDVLO\ REWDLQHG IURP WKH
IROORZLQJHTXDWLRQV>@
ߠ௡ ൌ อെ ஠ଶ ݊௪ ൌ  ?െ ஠ଶ െ  ? ߠ௜௡ିଵ௡ಽା௡ಷାଵ ߠ௡ାଵ ൌ  ?ȋ ?Ȍ
,W VKRXOG EH QRWHG WKDW (T  LPSOLHV WKDW ߠ௡ DQG  ߠ୬ାଵ DUH GHSHQGHQW GHVLJQ YDULDEOHV 7R
HQDEOH WKHDWWDFKPHQWRI IORRULQJRUZDOOLQJSDQHOV WR WKH&)6VHFWLRQV WKHIODQJHVRI WKHEHDP
FROXPQVHFWLRQVDUHGHVLJQHGWREHSDUDOOHOWRWKH;D[LVZLWKDPLQLPXPZLGWKRIPP7KHVH
FRQGLWLRQVFDQEHDFKLHYHGE\VDWLVI\LQJ(TVDQGZKLFKDOVRLPSO\WKDWWKHIODQJHWXUQ
DQJOHLVDGHSHQGHQWYDULDEOH7RREWDLQIHDVLEOHVKDSHVWKH<FRRUGLQDWHRIWKHORZHUIODQJHVWULS
KDVEHHQDVVXPHGWREHOHVVWKDQWKHRWKHUVWULSVܮ୊ ൌ ܮ௡ైାଵ ൒  ? ?Ǥ ?ȋ ? ?Ȍߠ୬ైାଵ ൌ െɎ െ  ? ߠ௜ ௡ಽ௜ୀଵ ȋ ? ?Ȍ
)RU WKH OLS VWLIIHQHUV DQG WKH QRQYHUWLFDO FRPSRQHQWV RI WKH ZHE D PLQLPXP VWULS ZLGWK
FRQVWUDLQWRIPPLVXVHGWRSURYLGHVXIILFLHQWGLVWDQFHEHWZHHQWKHUROOHUSRLQWV LQWKHFROG
UROOLQJSURFHVVDVUHFRPPHQGHGE\/HQJHWDO>@
7R DYRLG H[SHQVLYH PDQXIDFWXULQJ SURFHVV LQ WKLV VWXG\ WKH PD[LPXP QXPEHU RI UROOHUV KDV
EHHQFDSSHGWR$VGLVFXVVHGEHIRUHWKHQXPEHURIUROOHUVRUEHQGLQJSRLQWVVKRXOGEHDOVRDQ
HYHQQXPEHU WR VDWLVI\ WKH V\PPHWU\ DQGXWLOLW\SDVVWKURXJKDOORZDQFH FRQVWUDLQWV&RQVLGHULQJ
(TV DQG  WKHPD[LPXPQXPEHURI OLS VWULSV ݊௟ǡ୫ୟ୶FDQEHHTXDO WRDQGZKHQ WKH
QXPEHURIKDOIFURVVVHFWLRQVWULSVQLVDQGJUHDWHUWKDQUHVSHFWLYHO\
2SHQVHFWLRQDQGURXQGHGFRUQHUFRQVWUDLQWVZHUHDOVRDSSOLHGWRDYRLGRYHUODSSLQJRIWKHFURVV
VHFWLRQDOVWULSVDQGVKDUSFRUQHUVUHVSHFWLYHO\7KHURXQGHGFRUQHUUDGLXVWRWKLFNQHVVUDWLRRIOHVV
WKDQ  KDV EHHQ DVVXPHG ZKLFK LV GRXEOH WKH OLPLW VSHFLILHG LQ $,6,6 >@ )LQDOO\ WR
IDFLOLWDWHFRQQHFWLQJGRXEOHEDFNWREDFNVHFWLRQVWKH;FRRUGLQDWHRIWKHFHQWUDOVWULSRQWKHZHE
ZDVIRUFHGWREHOHVVWKDQWKHRWKHUVWULSV
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±


,PSOHPHQWDWLRQRIWKH*$
7KH REMHFWLYH RI WKH RSWLPL]DWLRQ SURFHGXUH LV WR PD[LPL]H WKH XOWLPDWH FDSDFLW\ RI WKH &)6
EHDPFROXPQVXQGHUWKHFRPELQHGHIIHFWVRID[LDOORDGDQGEHQGLQJPRPHQWZKLOHDOVRVDWLVI\LQJ
WKHGHVLJQFRQVWUDLQWVH[SODLQHGLQWKHSUHYLRXVVHFWLRQ$*HQHWLF$OJRULWKP*$DSSURDFKZDV
DGRSWHG WR VROYH WKLV FRPSOH[ RSWLPL]DWLRQ SUREOHP *$ LV D UDQGRP VHDUFK PHWKRG EDVHG RQ
SULQFLSOHV RI QDWXUDO HYROXWLRQ LQ ZKLFK D SRSXODWLRQ RI FDQGLGDWH VROXWLRQV LV HYROYHG WKURXJK
VSHFLDO VHOHFWLRQ UXOHV WR RSWLPL]H WKH ILWQHVV IXQFWLRQ RSWLPL]DWLRQ WDUJHW GXULQJ WKH HYROXWLRQ
SURFHVV >@ 7R DFKLHYH WKLV D SULPLWLYH SRSXODWLRQ RI FKURPRVRPHV LV ILUVW FUHDWHG HDFK
UHSUHVHQWLQJDSRVVLEOHDQVZHUWRWKHSUREOHP7KHVHFKURPRVRPHVDUHWKHQHYDOXDWHGEDVHGRQWKH
RSWLPL]DWLRQ JRDO DQG WKH EHVW GHVLJQ VROXWLRQV LH ZLWK KLJKHU ILWQHVV YDOXHV KDYH D JUHDWHU
FKDQFH RI UHSURGXFLQJ WKH SUREOHP DQVZHUV 7KH IRUPXODWLRQ RI WKH FKURPRVRPH HYDOXDWLRQ
IXQFWLRQ LV NH\ WR DFKLHYH FRQYHUJHQFH WRZDUGV D JOREDO RSWLPDO DQVZHU DQG WR UHGXFH WKH
FRPSXWDWLRQDOFRVW
)LJ LOOXVWUDWHV WKH IORZFKDUW RI WKHSURFHVV WRFUHDWH IHDVLEOHFURVVVHFWLRQVE\ LPSOHPHQWLQJ
WKHGHVLJQ FRQVWUDLQWVXVHG LQ WKLV VWXG\ ,Q WKH DGRSWHGPHWKRG WKHQXPEHURI UROOHUV QUROO OLS
VWULSV QO DQG IODQJH VWULSV QI IRU WKH KDOI FURVVVHFWLRQ DUH ILUVW VSHFLILHG 7KH QXPEHU RI ZHE
VWULSVQZDQGWKHWRWDOQXPEHURIVWULSVLQWKHZKROHFURVVVHFWLRQQDUHWKHQFDOFXODWHGE\XVLQJ
(TVDQG6XEVHTXHQWO\WZRGHVLJQYDULDEOHYHFWRUVRIOHQJWKDQGWXUQDQJOHDUHUDQGRPO\
JHQHUDWHGIRUKDOIRIWKHFURVVVHFWLRQE\FRQVLGHULQJWKHPLQLPXPDQGPD[LPXPERXQGVGLVFXVVHG
LQ 6HFWLRQ  6LQFH WKH FURVVVHFWLRQV DUH FRQVLGHUHG WR EH V\PPHWULF WKHVH YDULDEOH YHFWRUV FDQ
UHSUHVHQW WKHZKROHFURVVVHFWLRQ$IWHU FRPSOHWLQJ WKHFRQVWUDLQWFKHFNV'60>@ LVDGRSWHG WR
FDOFXODWH WKH FRPSUHVVLRQ DQG EHQGLQJ VWUHQJWK RI WKH IHDVLEOH EHDPFROXPQ FURVVVHFWLRQV DV
H[SODLQHGLQ$SSHQGL[$








-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±
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
)LJ)ORZFKDUWRIIHDVLEOHFURVVVHFWLRQFUHDWLRQV
$ VXPPDU\ RI WKH *HQHWLF $OJRULWKP XVHG LQ WKLV VWXG\ LV JLYHQ LQ )LJ  7KH DQDO\VLV ZDV
VWDUWHG ZLWK D SRSXODWLRQ VL]H RI  LQGLYLGXDOV QSRS  DQG ZDV UXQ IRU  JHQHUDWLRQV
QPD[ 7KHPXWDWLRQUDWHLQWKHRSWLPL]DWLRQSURFHVVZDVFRQVLGHUHGWREHUP %DVHGRQ
UHSHDWHGUXQVZLWKDQGJHQHUDWLRQVWKHRSWLPXPVROXWLRQZDVQRWIRXQGWRFKDQJH
VLJQLILFDQWO\SDVWJHQHUDWLRQV7KH³URXOHWWHZKHHO´PHWKRGZDVXVHGWRVHOHFWSDUHQWVZKLOHD
VLQJOH SRLQW FURVVRYHU ZDV XVHG WR H[FKDQJH YDULDEOH GHVLJQ LQIRUPDWLRQ YHFWRUV EHWZHHQ WZR
SDUHQWV7KHFURVVRYHUDQGPXWDWLRQRSHUDWRUVZHUHDSSOLHGRQERWKOHQJWKYDULDEOHDQGWXUQDQJOH
YDULDEOHYHFWRUV
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±
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
)LJ)ORZFKDUWRIWKHDGRSWHG*$RSWLPL]DWLRQSURFHVV
6WDUW
&UHDWLRQRIIHDVLEOHFURVVVHFWLRQ
VHH)ORZFKDUWLQ)LJ
&RPSXWH3(T
Q N 
6HOHFWLRQ
&URVVRYHUDQG0XWDWLRQ
$OOFRQVWUDLQWVDUHVDWLVILHG
&RPSXWH3(T
N N
N QSRS
QSRS 
1HZ3RSXODWLRQ
3HOLW PD[3
Q Q
Q QPD[3HOLWH
1R
<HV
1R
<HV
1R
<HV6WRS 1R
<HV
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK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
2SWLPL]DWLRQ5HVXOWV
7KHSURSRVHGIUDPHZRUNZDVXVHGWRRSWLPL]HWKH&)6EHDPFROXPQVZLWKVKRUWLQWHUPHGLDWH
DQG ORQJ OHQJWKV   DQG  PP UHVSHFWLYHO\ DLPLQJ IRU WKH PD[LPXP XOWLPDWH
FDSDFLW\LQFRUSRUDWLQJWKHDIRUHPHQWLRQHGSUDFWLFDODQGPDQXIDFWXULQJFRQVWUDLQWV7KHWRWDOZLGWK
DQG WKH WKLFNQHVV IRU WKH VWHHO SODWHZHUHG  PP DQG W  PP UHVSHFWLYHO\ 7KHPRGXOXV RI
HODVWLFLW\RI( *3DDQGWKH\LHOGVWUHVVRI)\ 03DZHUHXVHGDVDW\SLFDOVWHHOPDWHULDO
7KHEHDPFROXPQPHPEHUVZHUHVXEMHFWHGWRD[LDOFRPSUHVVLYHORDGVZLWKHFFHQWULFLWLHVRIHYDU\
IURPWRPPZLWKPPLQWHUYDOVWRFUHDWHGLIIHUHQWOHYHOVRIEHQGLQJPRPHQWDERXWWKH;
D[LVVHH)LJIRUWKHUHIHUHQFHVKDSH7KHFURVVVHFWLRQDOVKDSHVZHUHEDVHGRQXVLQJYDULDWLRQV
QXPEHURIUROOHUVHYHQQXPEHUVIURPWRDQGOLSVRU7KHFKRLFHRIWKHGHVLJQVKDSHV
ZDV WR LQFUHDVH WKH FURVVVHFWLRQ FRPSOH[LW\ WKURXJK LQFUHDVLQJ WKH QXPEHU RI UROOHUV DQG OLSV
7KHUHIRUHRQO\RQHOLSZDVFRQVLGHUHGIRUWKHVHFWLRQVPDGHZLWKIRXUUROOHUVXSWRWZROLSVZHUH
XVHGIRUWKHVHFWLRQVPDGHZLWKVL[DQGHLJKWUROOHUVDQGODVWO\XSWRWKUHHOLSVZHUHXVHGIRUWKH
VHFWLRQV ZLWK WHQ RU WZHOYH UROOHUV 7KLV FUHDWHV HOHYHQ FURVVVHFWLRQDO VKDSHV ZKLFK FDQ EH
LGHQWLILHGE\DWZRGLJLWQXPEHUVWDQGLQJIRUWKHQXPEHURIUROOHUVDQGWKHOLSVWULSV)RUH[DPSOH
FURVVVHFWLRQUHSUHVHQWVDVHFWLRQZLWKIRXUUROOHUVDQGRQHOLSVWULSDVVKRZQLQ7DEOH
7KHIROORZLQJVXEVHFWLRQVSUHVHQW WKHRSWLPL]DWLRQUHVXOWVIRU WKUHHVHWVRIRU
PPORQJEHDPFROXPQPHPEHUVHDFKZLWKIRXUHFFHQWULFLW\OHYHOVH DQGPPDQG
HOHYHQ GHVLJQ VKDSHV DV H[SODLQHG DERYH 7KHVH JHQHUDWH D WRWDO RI  LQGHSHQGHQW QRQOLQHDU
RSWLPL]DWLRQSUREOHPV)LJVKRZVWKHGLPHQVLRQVRIDVWDQGDUGOLSSHGFKDQQHOVHFWLRQXVHGDVD
UHIHUHQFHLQWKLVVWXG\


)LJ5HIHUHQFHVWDQGDUGOLSSHGFKDQQHOVHFWLRQ
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±


7DEOH2SWLPL]HGFURVVVHFWLRQVIRUPPORQJEHDPFROXPQV
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
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
5HVXOWVIRUVKRUWEHDPFROXPQV
7DEOH  LOOXVWUDWHV WKH RSWLPDO FURVVVHFWLRQV REWDLQHG IRU WKH VKRUW  PP ORQJ EHDP
FROXPQVZLWKGLIIHUHQWGHVLJQVKDSHVDQGHFFHQWULFLW\ OHYHOV)RUEHWWHUFRPSDULVRQ7DEOHDOVR
SUHVHQWV WKH FRUUHVSRQGLQJ ZDUSLQJ FRHIILFLHQW &Z WKH QRPLQDO D[LDO FRPSUHVVLRQ DQG EHQGLQJ
PRPHQWQRUPDOL]HGE\WKH\LHOGLQJD[LDOIRUFHDQGPRPHQW3Q3\DQG0Q[0\[DQGWKHXOWLPDWH
FDSDFLW\ RI WKH EHDPFROXPQ PHPEHU 3 REMHFWLYH IXQFWLRQ FDOFXODWHG IURP (T  )RU HDFK
HOHPHQW WKH GRPLQDQW EXFNOLQJ PRGHV IRU WKH D[LDO FRPSUHVVLRQ DQG EHQGLQJ PRPHQW DUH
FDOFXODWHGWKURXJKHODVWLFEXFNOLQJDQDO\VLVXVLQJ&8)60>@DQGGHQRWHGE\WKHOHWWHU³O´³G´DQG
³J´ IRU ORFDO GLVWRUWLRQDO DQG JOREDO EXFNOLQJ PRGHV UHVSHFWLYHO\ 7KH ODVW FROXPQ LQ 7DEOH 
VKRZVWKHUDWLRRIWKHRSWLPXPEHDPFROXPQVWUHQJWKWRWKDWRIWKHVWDQGDUGOLSSHGFKDQQHOVHFWLRQ
)LJZLWKWKHVDPHSODWHZLGWKDQGWKLFNQHVV7KLVQXPEHUFDQEHXVHGWRDVVHVVWKHHIILFLHQF\
RIHDFKRSWLPXPGHVLJQVROXWLRQ
7DEOH:DUSLQJFRHIILFLHQWQRUPDOL]HGQRPLQDOORDGVDQGRSWLPL]HGVWUHQJWKIRUPPORQJ
EHDPFROXPQVZLWKGLIIHUHQWHFFHQWULFLWLHV
H PPH  ࢖࢖ܚ܍܎3N1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
7KH RSWLPL]HG VKDSHV LQ 7DEOH  LQGLFDWH WKDW DOO WKH FRQVWUDLQLQJ UHTXLUHPHQWV VSHFLILHG LQ
6HFWLRQKDYHEHHQVDWLVILHG WKURXJK WKHDGRSWHG*$RSWLPL]DWLRQ$FOHDUFKDQJHRIRSWLPL]HG
VKDSHVFDQEH WUDFHGZKHQHFFHQWULFLW\ LQFUHDVHG IURP WRPPSDUWLFXODUO\ LQPRUHFRPSOH[
VHFWLRQVZLWKKLJKHUQXPEHUVRIUROOHUVEHQGLQJSRLQWVDQGOLSV7KLVLVPRUHHYLGHQWLQ
DQGVHFWLRQVKDSHVVKRZLQJDFOHDUDSSURDFKWRPRUHVSUHDGVHFWLRQVLQWKHFDVHRIKLJK
EHQGLQJPRPHQWVFRPSDUHGWRPRUHOXPSHGVHFWLRQVLQSXUHD[LDOFRPSUHVVLRQ
7KH RSWLPXP XOWLPDWH VWUHQJWK 3 YDOXHV LQ 7DEOH  LQGLFDWH WKDW DV H[SHFWHG VHFWLRQ 
SURGXFHVWKHORZHVWVWUHQJWKFRPSDUHGWRPRUHFRPSOH[VKDSHVKDYLQJPRUHUROOHUVDQGOLSV7KH
XOWLPDWHVWUHQJWKVRIVHFWLRQZLWKGLIIHUHQWHFFHQWULFLW\OHYHOVKRZHYHUDUHVWLOOKLJKHUWKDQWKH
VWUHQJWKRIWKHUHIHUHQFHOLSSHGFKDQQHOE\DQGIRUWKHEHDPFROXPQVZLWK
DQGPPHFFHQWULFLW\UHVSHFWLYHO\7KLVGHFUHDVLQJWUHQGVKRZVWKDWWKHVWDQGDUGOLSSHGFKDQQHO
VHFWLRQVDUHPRUHVXLWDEOHZKHQEHQGLQJPRPHQWJRYHUQVWKHGHVLJQLHKLJKHFFHQWULFLW\YDOXHV
7KLVFRQFOXVLRQLVJHQHUDODQGDVLPLODUWUHQGLVREVHUYHGIRUWKHRWKHUFURVVVHFWLRQV
,W LVVKRZQLQ7DEOHWKDW WKHPD[LPXPLQFUHDVHLQWKHVWUHQJWKEHORQJVWRWKHPRUHFRPSOH[
FURVVVHFWLRQVKDSHV$PRQJVWZKLFKVHFWLRQVKRZVDQGKLJKHUVWUHQJWK
WKDQ WKH UHIHUHQFH VWDQGDUG FKDQQHO VHFWLRQ IRU    DQG  PP HFFHQWULFLWLHV UHVSHFWLYHO\
7KLVUHGXFWLRQWUHQGFDQEHDWWULEXWHGWRWKHFKDQJHRIWKHRSWLPL]HGFURVVVHFWLRQVWRZDUGVPRUH
VSUHDG VKDSHV DV WKH HFFHQWULFLW\ RI WKH ORDG LV LQFUHDVHV 7KH UHVXOWV LQGLFDWH WKDW XVLQJ PRUH
FRPSOH[VKDSHVGLGQRWQHFHVVDULO\OHDGWREHWWHUGHVLJQVROXWLRQV)RUH[DPSOHLWFDQEHQRWHGWKDW
WKHXOWLPDWHVWUHQJWKVRIVHFWLRQVUROOHUVDQGOLSVZHUHJHQHUDOO\KLJKHU WKDQWKHPRVW
FRPSOH[  VHFWLRQV  UROOHUV DQG  OLSV SDUWLFXODUO\ DW KLJKHU HFFHQWULFLW\ OHYHOV 7KH RQO\
H[FHSWLRQLVIRUWKHSXUHD[LDOFRPSUHVVLRQFDVHLHH ZKHUHVHFWLRQUHDFKHGWKHKLJKHVW
QRUPDOL]HGVWUHQJWKRIZKLFKLVVOLJKWO\KLJKHUWKDQWKDWRIWKHVHFWLRQ$VDUHVXOW
VHFWLRQV FDQ EH UHFRPPHQGHG DV WKH PRVW FRVWHIIHFWLYH GHVLJQ VROXWLRQV IRU VKRUW EHDPFROXPQ
PHPEHUVZLWKOHVVFRPSOH[LW\DQGKLJKHUVWUHQJWKFRPSDUHGWRDQGVHFWLRQV
,Q WKH FDOFXODWLRQ RI QRPLQDO D[LDO FRPSUHVVLRQ IRUFHV 3Q IRU WKH RSWLPXP EHDPFROXPQ
VHFWLRQV ZLWK ORZHU QXPEHU RI UROOHUV WKH SUHGRPLQDQW EXFNOLQJ PRGH ZDV DOZD\V GLVWRUWLRQDO
EXFNOLQJRI WKHRSWLPL]HG VHFWLRQVZKLOVW ORFDO DQGJOREDOEXFNOLQJPRGHVZHUHGRPLQDQWZKHQ
KLJKHUQXPEHURI UROOHUVZHUHXVHGVHH7DEOH7KLVFDQEHGXHWR WKHLQFUHDVHRI WKHZDUSLQJ
FRQVWDQW&ZLQWKHPRUHFRPSOH[VHFWLRQVZKLFKOHGWRKLJKHUGLVWRUWLRQDOEXFNOLQJUHVLVWDQFHIRU
VXFKVHFWLRQV'LVWRUWLRQDOEXFNOLQJGRPLQDWHVWKHGHVLJQIRUQRPLQDOEHQGLQJPRPHQW0QZLWK
WKH H[FHSWLRQ RI WKH UHIHUHQFH OLSSHG FKDQQHO VHFWLRQ VHH )LJ  ZKHUH ORFDO EXFNOLQJ ZDV WKH
PRVW FULWLFDO PRGH RI IDLOXUH ,Q WKH PRUH FRPSOH[ VKDSHV KRZHYHU \LHOGLQJ EHQGLQJ PRPHQW
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±


JHQHUDOO\SUHFHGHGWKHHODVWLFPRGHVRIEXFNOLQJ
)LJFRPSDUHVWKHRSWLPL]HGVWUHQJWK3DQGWKHZDUSLQJFRQVWDQW&ZQRUPDOL]HGE\WKRVHRI
WKHUHIHUHQFHOLSSHGFKDQQHOGHQRWHGE\VROLGDQGGDVKHGOLQHVUHVSHFWLYHO\IRUWKHZKROHUDQJHRI
WKHGHVLJQFURVVVHFWLRQVKDSHVIURPWR7RTXDQWLI\WKHOHYHORIFRPSOH[LW\RIWKHGHVLJQ
VHFWLRQV WKH QXPEHU RI UROOHUV DQG OLSV DUH DGGHG DQG DVVXPHG DV WKH GHJUHH RI FRPSOH[LW\
GLVSOD\HGLQWKHERWWRPKRUL]RQWDOD[LVFRUUHVSRQGLQJWRWKHVHFWLRQODEHOVVKRZQDWWKHWRS)URP
WKHVWUHQJWKFXUYHVLWFDQEHQRWHGWKDWWKHPRUHFRPSOH[VHFWLRQKDVORZHUVWUHQJWKWKDQ
VHFWLRQIRUWKHZKROHUDQJHRIHFFHQWULFLWLHV7KLVFRQILUPVWKDWLQFUHDVLQJWKHQXPEHURIWKHOLSVLV
QRWQHFHVVDULO\HIIHFWLYHZKHQWKHQXPEHURIUROOHUVLHVHFWLRQDOQRGHVLVLQVXIILFLHQW,QJHQHUDO
LWLVVKRZQWKDWWKHKLJKHUQXPEHURIOLSVFDQEHXVHIXOZKHQWKHQXPEHURIUROOHUVLVDOVRLQFUHDVHG
SDUWLFXODUO\ LQ WKH FDVH RI SXUH D[LDO FRPSUHVVLRQ LH H    7KLV FDQ EH XQGHUSLQQHG E\
FRPSDULQJVHFWLRQVDQGZLWKVHFWLRQVDQGUHVSHFWLYHO\
,WLVVKRZQLQ)LJWKDWDIWHUDVKDUSLQFUHDVHLQWKHRSWLPXPVWUHQJWKYDOXHVIURPVHFWLRQWR
 LQFUHDVLQJ WKH QXPEHU RI UROOHUV DQG OLSV JHQHUDOO\ UHVXOWV LQ OHVV VLJQLILFDQW FKDQJHV LQ WKH
XOWLPDWHVWUHQJWKRIWKHEHDPFROXPQVHFWLRQVSDUWLFXODUO\IRUKLJKHFFHQWULFLW\OHYHOV7KHKLJKHU
QXPEHURIOLSVKRZHYHULQFUHDVHVWKHZDUSLQJFRQVWDQW&ZZKLFKFDQDIIHFWWKHGRPLQDQWPRGH
RIEXFNOLQJ)RU LQVWDQFH VHFWLRQVDQGKDYH WKH VDPHGHJUHHRIFRPSOH[LW\DVGHILQHG
KHUHLQ ZLWK UHDVRQDEO\ FORVH UDQJH RI VWUHQJWK EXW WKH IRUPHU ZLWK KLJKHU QXPEHU RI OLSV KDV
VLJQLILFDQWO\JUHDWHU&Z
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)LJ  VKRZV WKHYDULDWLRQ LQKHLJKWRI WKHRSWLPL]HG VHFWLRQVQRUPDOL]HGE\ WKHKHLJKWRI WKH
UHIHUHQFHVHFWLRQLHPPDVDIXQFWLRQRI ORDGHFFHQWULFLW\ ,WFDQEHQRWLFHGWKDW WKHUHLVD
JHQHUDO WUHQG WRZDUGV GHHSHU VHFWLRQV E\ LQFUHDVLQJ WKH HFFHQWULFLW\ RU EHQGLQJ HIIHFWV DV
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LQGLFDWHG EHIRUH EDVHG RQ WKH UHVXOWV RI 7DEOH  ,W LV VKRZQ LQ )LJ  WKDW WKH GHHSHVW VHFWLRQV
EHORQJWRDQGJURXSVVHH7DEOHDOORIZKLFKDUHVLQJOHOLSVHFWLRQVZLWKDWUHQG
WRZDUGVWKHVKDSHRIWKHUHIHUHQFHOLSSHGFKDQQHOVHFWLRQ7KHKHLJKWVRIWKHJURXSVHFWLRQV
WKH PRVW FRVWHIIHFWLYH VROXWLRQV IRU VKRUW EHDPFROXPQV DV LGHQWLILHG DERYH DUH ORZHU WKDQ WKH
VLQJOHOLSVHFWLRQVEXWVLJQLILFDQWO\KLJKHUWKDQWKHWZRLQHIIHFWLYHO\OLSSHGVHFWLRQVRIDQG
VHHWKLFNHUGDVKHGOLQHVLQ)LJ
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)LJ9DULDWLRQRIQRUPDOL]HGKHLJKWZLWKHFFHQWULFLW\IRUPPORQJEHDPFROXPQV

5HVXOWVIRULQWHUPHGLDWHDQGORQJOHQJWKVEHDPFROXPQV
7KH UHVXOWV REWDLQHG IRU WKH LQWHUPHGLDWH DQG ORQJ EHDPFROXPQV ZLWK  DQG  PP
OHQJWKV DUH SUHVHQWHG LQ 7DEOHV  WR  LQ D VLPLODU IRUPDW WR WKRVH RI WKH  PP ORQJ EHDP
FROXPQV7KHUHVXOWVLQ7DEOHVKRZDOHVVQRWLFHDEOHFKDQJHLQWKHRSWLPXPGHVLJQVKDSHVGXHWR
WKHYDULDWLRQRIHFFHQWULFLW\WKDQWKRVHSUHVHQWHGLQ7DEOHIRUWKHVKRUWOHQJWKEHDPFROXPQV7KH
PDLQ UHDVRQ IRU WKLV GLIIHUHQFH LV WKDW WKH ORFDO DQG JOREDO EXFNOLQJ PRGHV JRYHUQ WKH EHQGLQJ
PRPHQWGHVLJQLQWKHLQWHUPHGLDWHDQGORQJEHDPFROXPQVSDUWLFXODUO\LQPRUHFRPSOH[VHFWLRQV
DVFDQEHQRWHGLQ7DEOHVDQGDVRSSRVHGWRWKHSUHGRPLQDQWGLVWRUWLRQDOEXFNOLQJRU\LHOGLQJ
IDLOXUH PRGHV LQ VKRUW EHDPFROXPQV $V D UHVXOW FURVVVHFWLRQ VKDSHV ZLWK ODUJHU WXUQDQJOHV
EHWZHHQWKHVWULSVDQGKLJKHUPRPHQWRILQHUWLDDERXWWKHLUSULQFLSOHD[HVFDQUHVSHFWLYHO\SURYLGH
KLJKHU ORFDO DQG JOREDO EXFNOLQJ UHVLVWDQFHV 7KH ODUJHU WXUQDQJOHV FDQ DOVR OHDG WR D KLJKHU
VWLIIHQLQJHIIHFWIRUWKHDGMDFHQWVWULSVDQGWKHUHIRUHUHVXOWLQDKLJKHUORFDOEXFNOLQJUHVLVWDQFH
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%DVHGRQWKHUHVXOWVSUHVHQWHGLQ7DEOHVDQGVLPLODUFRQFOXVLRQVFDQEHGUDZQDVWKRVHRI
WKH VKRUW EHDPFROXPQV GLVFXVVHG LQ 6HFWLRQ  7KH RQO\ GLIIHUHQFH LV WKDW IRU ERWK  DQG
 PP ORQJ EHDPFROXPQV VHFWLRQ VKDSH  LV LGHQWLILHG DV WKH PRVW FRVWHIIHFWLYH GHVLJQ
VROXWLRQ &RPSDUHG WR WKH VWDQGDUG OLSSHG FKDQQHO VHFWLRQ  VHFWLRQV ZLWK  PP OHQJWK
SURYLGHGDQGKLJKHUXOWLPDWHVWUHQJWKIRUDQGPPHFFHQWULFLWLHV
UHVSHFWLYHO\ 7KH FRUUHVSRQGLQJ VWUHQJWK LPSURYHPHQWV LQFUHDVHG WR    DQG  LQ
PPOHQJWKPHPEHUV:KLOHVHFWLRQVKDSHKDVOHVVGHJUHHRIFRPSOH[LW\FRPSDUHGWR
DQGVHFWLRQVLWLVVKRZQLQ7DEOHVDQGWKDWLWVHIILFLHQF\LVQRWYHU\GLIIHUHQW
IURPWKRVHVHFWLRQV6RWKLVFURVVVHFWLRQVKDSHFDQEHFRQVLGHUHGDVWKHPRVWHIILFLHQWGHVLJQIRU
LQWHUPHGLDWHDQGORQJOHQJWKVEHDPFROXPQV
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)LJVKRZVWKHYDULDWLRQRIWKHQRUPDOL]HGVWUHQJWKDQGZDUSLQJFRQVWDQWRIWKHDQG
PP ORQJ EHDPFROXPQV ZLWK GLIIHUHQW GHVLJQ VKDSHV DV D IXQFWLRQ RI GHJUHH RI FRPSOH[LW\ DV
SUHYLRXVO\ GHILQHG ,W FDQEHREVHUYHG WKDW3 DQG&Z FXUYHV FRUUHVSRQGLQJ WR WKHPRUH FRPSOH[
VHFWLRQVZLWKKLJKHUQXPEHURI UROOHUV VHFWLRQRQZDUGV IROORZDVLPLODU WUHQGIRU WKHZKROH
UDQJHRIWKHHFFHQWULFLWLHV8QOLNHWKHUHVXOWVREWDLQHGIRUWKHVKRUWFROXPQVVHH)LJERWK3DQG
&Z IRU LQWHUPHGLDWHDQG ORQJFROXPQVDUHQRWLFHDEO\ LQFUHDVHGE\ LQFUHDVLQJ WKHQXPEHURI OLSV
SDUWLFXODUO\IURPDVLQJOHOLSVHFWLRQWRDGRXEOHOLSVHFWLRQ,QFUHDVLQJWKHQXPEHURIOLSVIURPWZR
WR WKUHH KRZHYHU GRHV QRW UHVXOW LQ D VLJQLILFDQW LPSURYHPHQW LQ WKH XOWLPDWH VWUHQJWK RI WKH
RSWLPXP VHFWLRQV $PRQJVW WKH OHVV FRPSOH[ VHFWLRQV ZLWK ORZHU QXPEHU RI UROOHUV VHFWLRQ 
VKRZVKLJKHUVWUHQJWK WKDQVHFWLRQ WKRXJK WKHZDUSLQJFRQVWDQWRIVHFWLRQ LVKLJKHU WKDQ
WKDWRIVHFWLRQ7KHVHUHYHUVHWUHQGVLQWKHVWUHQJWKDQGZDUSLQJFRQVWDQWFXUYHVLVREVHUYHGLQ
WRUDQJHRIEHDPFROXPQVHFWLRQV7KLVDJDLQHPSKDVL]HVWKHSUHYLRXVFRQFOXVLRQWKDWWKH
-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK±
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
KLJKHUQXPEHURIOLSVLVQRWQHFHVVDULO\HIIHFWLYHIRUWKHVHFWLRQVZLWKLQVXIILFLHQWQXPEHURIUROOHUV
RUEHQGLQJSRLQWV%DVHGRQWKHUHVXOWVRIWKLVVWXG\LQJHQHUDOPLQLPXPUROOHUVDUHUHTXLUHG
IRUWKHVHFWLRQVZLWKPRUHWKDQRQHOLS
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)LJ1RUPDOL]HGVWUHQJWKDQGZDUSLQJFRQVWDQWIRUDPPDQGEPPORQJEHDP
FROXPQV

7KH QRUPDOL]HG KHLJKWV RI WKH RSWLPXP LQWHUPHGLDWH DQG ORQJ EHDPFROXPQ VHFWLRQV ZLWK
GLIIHUHQWFURVVVHFWLRQVKDSHVDUHFRPSDUHGLQ)LJVDDQGEUHVSHFWLYHO\DVDIXQFWLRQRI
ORDGHFFHQWULFLW\,QJHQHUDOWKHUHVXOWVIROORZDVLPLODUWUHQGDVWKHVKRUWEHDPFROXPQVVHH)LJ
 +RZHYHU E\ LQFUHDVLQJ WKH ORDG HFFHQWULFLW\ D OHVV VLJQLILFDQW LQFUHDVH LQ WKH KHLJKW RI WKH
RSWLPXPVHFWLRQVLVREVHUYHGLQWKHLQWHUPHGLDWHDQGORQJEHDPFROXPQVOHVVWKDQ7KLVFDQ
EHDWWULEXWHG WR WKHLU WHQGHQF\ WR UHPDLQDVD OXPSHGVHFWLRQZLWK ODUJHU WXUQDQJOHVEHWZHHQ WKH
VWULSVDVH[SODLQHGEHIRUH6LPLODUWRWKHVKRUWEHDPFROXPQVWKHGHHSHVWVKDSHVEHORQJWRVLQJOH
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OLS  WR  VHFWLRQ JURXSV 7KH KHLJKW RI VHFWLRQ  WKH PRVW FRVWHIIHFWLYH VROXWLRQ IRU
LQWHUPHGLDWHDQGORQJEHDPFROXPQVDVLGHQWLILHGDERYHIDOOVEHWZHHQWKDWRIVLQJOHOLSWR
VHFWLRQVDQGWKHLQHIIHFWLYHDQGVHFWLRQVVHHWKLFNHUGDVKHGOLQHLQ)LJ
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)LJ9DULDWLRQRIQRUPDOL]HGKHLJKWZLWKHFFHQWULFLW\IRUDPPDQGEPPORQJ
EHDPFROXPQV
6XPPDU\DQG&RQFOXVLRQV
$Q HIILFLHQW RSWLPL]DWLRQ IUDPHZRUN ZDV GHYHORSHG EDVHG RQ *HQHWLF $OJRULWKP *$ WR
RSWLPL]HWKHFURVVVHFWLRQVKDSHRIFROGIRUPHGVWHHO&)6EHDPFROXPQHOHPHQWVE\WDNLQJLQWR
DFFRXQW D ZLGH UDQJH RI SUDFWLFDO DQG PDQXIDFWXULQJ FRQVWUDLQWV 7KH FRPSUHVVLRQ DQG EHQGLQJ
PRPHQWVWUHQJWKVRIWKHPHPEHUVZHUHREWDLQHGXVLQJGLUHFWVWUHQJWKPHWKRG'60E\DFFRXQWLQJ
IRUORFDOGLVWRUWLRQDODQGJOREDOEXFNOLQJORDGV7KUHHVHWVRIVKRUW LQWHUPHGLDWHDQGORQJEHDP
FROXPQV ZLWK   DQG  PP OHQJWKV ZHUH FRQVLGHUHG ZLWK D[LDO FRPSUHVVLRQ ORDGV
DSSOLHG ZLWK HFFHQWULFLW\ PDJQLWXGHV RI H      DQG  PP WR FRYHU WKH IXOO VSHFWUXP RI
EHDPFROXPQ DFWLRQV ,Q WRWDO  EHDPFROXPQV ZHUH RSWLPL]HG XVLQJ HOHYHQ GLIIHUHQW FURVV
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VHFWLRQVKDSHV  WR UROOHUVQRGHVDQG WR OLSVZKLFKFUHDWHG D UDQJHRISUDFWLFDO VHFWLRQV
ZLWKGLIIHUHQWVHFWLRQDOFRPSOH[LW\
,WZDVVKRZQWKDWIRUWKHVDPHDPRXQWRIPDWHULDOWKHRSWLPL]HGVHFWLRQVOHDGWRVLJQLILFDQWO\
KLJKHU VWUHQJWK YDOXHV FRPSDUHG WR WKH UHIHUHQFH VWDQGDUG OLSSHG FKDQQHO VHFWLRQ IRU WKH ZKROH
UDQJH RI OHQJWK DQG HFFHQWULFLW\ OHYHOV ZKLOH WKH\ VDWLVILHG DOO WKH JHRPHWULF HQGXVH DQG
PDQXIDFWXULQJ GHVLJQ FRQVWUDLQWV $ JHQHUDO WUHQG ZDV REVHUYHG LQ WKH VKDSH RI WKH RSWLPL]HG
EHDPFROXPQ FURVVVHFWLRQV ZKHUH WKHRSWLPXP VROXWLRQV FKDQJHG IURP OXPSHG WR PRUH VSUHDG
VKDSHVDV WKHORDGHFFHQWULFLW\LQFUHDVHG ,WZDVGLVFXVVHGWKDW WKHVKDSHRI WKHRSWLPXPVHFWLRQV
GHSHQGV RQ WKH FULWLFDO EXFNOLQJ PRGHV VXFK WKDW ZKHQ ORFDO DQG JOREDO EXFNOLQJ PRGHV DUH
GRPLQDQW PDLQO\ LQ LQWHUPHGLDWH DQG ORQJ FROXPQV OXPSHG VHFWLRQV ZLWK KLJKHU WXUQDQJOHV
SURYLGHKLJKHUVWUHQJWKFDSDFLWLHV
,WZDVVKRZQWKDWLQFUHDVLQJWKHFRPSOH[LW\RI&)6VHFWLRQVGRHVQRWQHFHVVDULO\OHDGWREHWWHU
GHVLJQ VROXWLRQV (VSHFLDOO\ LQFUHDVLQJ WKH QXPEHU RI OLSV GRHV QRW LQFUHDVH WKH FDSDFLW\ RI WKH
EHDPFROXPQVHFWLRQVZKHQWKHQXPEHURIUROOHUVRUEHQGLQJSRLQWVLVLQVXIILFLHQW%DVHGRQWKH
UHVXOWV VHFWLRQVDQGZHUH LGHQWLILHGDV WKHPRVWFRVWHIIHFWLYHGHVLJQVROXWLRQVIRUVKRUW
DQG LQWHUPHGLDWH WR ORQJ EHDPFROXPQV UHVSHFWLYHO\ E\ SURYLGLQJ DEDODQFH EHWZHHQ HIILFLHQF\
DQGFRPSOH[LW\:LWKYDULDWLRQRIWKHORDGHFFHQWULFLW\XVLQJWKHVXJJHVWHGRSWLPXPFURVVVHFWLRQV
FRXOGLQFUHDVHWKHFDSDFLW\RIWKHPHPEHUVLQWKHUDQJHRI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FKDQQHOVHFWLRQ7KHUHIRUHWKHUHVXOWVRIWKLVVWXG\VKRXOGSURYHXVHIXOIRUPRUHHIILFLHQWGHVLJQRI
&)6EHDPFROXPQPHPEHUVLQSUDFWLFDODSSOLFDWLRQV
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